The article researches on the energy control strategy of the series-parallel plug-in hybrid electric vehicle based on pattern recognition. First, after the dynamic analysis and energy flow directions of the planetary gears, according to the theory of leverage simulation, working conditions of power components are analyzed under various operating models. Second, static parameters and control rules are, respectively, designed under the charge-depleting and charge-sustaining models, and flow charts of the vehicle energy control are established. Third, the switch controller of energy control and charge-depleting/charge-sustaining models are designed by the MATLAB/Simulink. Finally, the whole vehicle simulation model is established and simulated by the Advisor software. Results show that the designed energy control model can effectively improve the fuel economy performance of the plug-in hybrid electric vehicle under the premise of ensuring dynamic performance indexes.
Introduction
Energy shortage, environmental pollution, and the global warming have forced us to develop new energy vehicles. At present, pure electric vehicles and fuel cell vehicles cannot develop in a large scale. Due to the limits of cost and technology, it is difficult for them to realize industrialization. 1 Hybrid vehicles have currently become the most practical and promising automotive type with low fuel consumption, low emissions, a long driving range, and moderate prices. However, traditional hybrid electric vehicles (HEVs) have problems of high cost, low efficiency, and higher fuel consumption. Compared to HEVs, plug-in hybrid electric vehicles (PHEVs) have advantages of a longer battery life, larger capacity battery, and repetitive charging from an external source obviously. 2, 3 The article adopts the seriesparallel power system, as shown in Figure 1 . Similar to HEVs, the total fuel economy of PHEV depends on the design of powertrain components, the power system style, and the energy management control. 4, 5 The planetary gears is chose as the power distribution component, and it is analyzed by dynamics and the theory of leverage simulation. For power distribution, several heuristic 1 approaches have been proposed and the rule-based algorithm can be adopted. 6 In order to reduce fuel consumption, the fully recharged power batteries need an extension of the state of charge (SOC) which is in the acceptable operating range. 7 Power batteries are initially discharged to run vehicles as pure electric vehicles, and the vehicles will run as HEVs when the SOC value reaches the final desired value. 8 Therefore, the SOC can affect the power split and supervisory controller decisions. 9 In the driving course, there are many operating modes of PHEV, such as pure electric mode, engine drive mode, motor drive mode, braking mode. According to the change of SOC value, the control model should be converted under the different conditions. 6 So the control strategy of the PHEV is designed by logic threshold control and pattern recognition, and the supervisory controller of the dynamic system is established by Stateflow toolbox.
Although the series-parallel PHEV has many advantages, its structure is complex and the design costs is high. In order to improve the energy utilization ratio and control efficiency, it is necessary to study the power distribution device, the pattern recognition of vehicle control modes, and energy control strategies. 10 
Planetary gears

Basic structure
The planetary gears can realize the mechanical connection among the engine, motor, and generator and maintain the engine working at the high efficient area by the energy control strategy. 11 The planetary gears is mainly composed of a sun wheel, a number of planet wheels, a planet carrier, and a gear ring, as shown in Figure 2 .
12,13
Dynamics analysis
Rotational speed relationship of planetary gears. The rotational angular velocity relationship of each part of planetary gears is formula (1)
where r r , r p , and r s , respectively, represent the radius of the gear ring, planet carrier, and sun wheel; v r , v p , and v s , respectively, represent the rotating angular velocity of the solar wheel, ring gear, and planet carrier (rad/min). Based on the mechanical principle, the relationship of speed and angular velocity, speed and radius and rotation speed, and the number of gears are, respectively, formulas (2) and (3)
where i p sr is the transmission ratio of the solar wheel and the gear ring to the planetary frame, n s is the rotational speed of the sun wheel (r/min), n r is the gear wheel rotational speed, n p is the planet carrier rotational speed (r/min), z s is the sun gear number, and z r is the number of the gear ring.
The rotational speed relationship of the sun gear, ring gear, and planet carrier is formula (4) (1 + r)n p = n s r + n r ð4Þ
Torque relationship of the planetary gears. If a force F acts on the planet wheel, the force 1/2F is, respectively, acting on the meshing of the ring gear and the sun wheel.
14 It is shown in Figure 3 . If the planetary gear system is uniform rotation and the friction is not disregarded, the force equilibrium condition is obtained
where T s , T r , and T p are, respectively, the torque of the solar wheel, the ring gear, and the planetary frame (N m). The torque relationship of the planet carrier, the gear ring, and the sun wheel is formulas (6) and (7)
Power relationship of the planetary gears. If the power loss is not considered which is caused by friction and other factors, the output power of the planetary gears is equal to the input power of planetary gears
If the input power of the planet carrier is P p , the transmitted power to the gear ring and the sun wheel are, respectively, P r and P s . Their relationship is shown in Figure 4 . The power relationship of these three parts is formula (9)
Formula (9) can be rewritten as formula (10)
Power flow analysis of the planetary gears
If the planetary gears meet a certain relationship, it will realize the power flow of the diversion and confluence. 16 The equal position of the planet carrier and sun wheel 1. The drive part of the gear ring and the driven part of the sun wheel and planet carrier (power split).
The power from the gear ring is, respectively, distributed to the solar wheel and planet carrier
The power relationship among them is formula (13)
where P p and P s , respectively, represent the power of the planet carrier and sun wheel.
(P s =P p ).0 indicates the same position of the sun wheel and planet carrier. In order to prevent the backflow power from the planet carrier and sun wheel, À(1=r) = i p sr \i sr \0 can be derived to formulas (14) and (15) 
If the gear ring direction is positive, the direction of the planet carrier is positive, but the direction of the sun wheel is negative. The rotation speed of them is formula (16) (1 + r)n p = À n s r + n r ð16Þ
2. The drive part of the sun wheel and planet carrier and the driven part of the gear ring (power confluence).
The power relationship among them is formula (17) The transmission ratios of the sun wheel and ring gear to the planet carrier are, respectively, formulas (18) and (19) 
It can be seen that the rotation direction of the gear ring is opposite to the sun wheel and is same to the planet carrier. The rotation speed of the three parts is formula (20) (1 + r)n p = À n s r + n r ð20Þ
The equal position of the gear ring and sun wheel.
1. The drive part of the planet carrier and the driven part of the sun wheel and gear ring (power split).
The powers of the solar wheel and gear ring are, respectively, formulas (21) and (22) P s = À r Á i sr Á P p 1 + r Á i sr ð21Þ
In order to prevent the back-flow power from the gear ring and sun wheel, the power relationship among them is formula (23)
where P s and P r are negative and represent power split.
(P s =P r ).0 indicates the same position of the sun wheel and gear ring. The transmission ratio of the sun wheel and ring gear is i sr .0
Their speed relationship is formula (26) (1 + r)n p = n s r + n r ð26Þ
2. The drive part of the sun wheel and planet carrier and the driven part of the gear ring (power confluence)
The transmission ratios of the sun wheel and ring gear to the planet carrier are, respectively, formulas (28) and (29) 
It can be seen that rotation directions of three parts are same. The rotation speed relationship of them is formula (30) (1 + r)n p = n s r + n r ð30Þ
The same position of the planet carrier and gear ring
1. The drive part of the sun wheel and the driven part of the planet carrier and gear ring (power split).
The powers of the gear ring and planet carrier are, respectively, formulas (31) and (32) P r = P s r Á i sr ð31Þ
The power relationship among them is formula (33)
where P p and P r are negative and represent power split. (P r =P p ).0 indicates the same position of the planet carrier and gear ring. In order to prevent the back-flow power from the gear ring and sun wheel, it has i sr \i
If rotation directions of the planet carrier and sun wheel are positive, the rotation direction of the gear ring is negative. Their speed relationship is formula (36)
2. The drive part of the gear ring and planet carrier and the driven part of the sun wheel (power confluence).
The power relationship among three parts is formula (37). The transmission ratios of the sun wheel and gear ring to the planet carrier are, respectively, formulas (38) and (39)
The rotation direction of the sun wheel is same to the planet carrier and is opposite to the gear ring. The rotation direction of the three is formula (40) (1 + r)n p = n s r À n r ð40Þ
Through the power flow split and confluence analysis of the planetary gears, the power relationship among the three parts is shown in Table 1 .
Working process analysis of PHEV power system
Working principles of power system
The structure of the PHEV drive system is shown in Figure 5 . The gear rotation direction of the three power components is positive. 17 The engine is connected with the planetary frame. The engine power is transmitted to drive the PHEV by the gear ring. The motor and gear ring are connected directly and become the input of the planetary gears. The generator is connected with the sun wheel. The engine speed is adjusted by the generator speed. 18 Under the braking condition, the vehicle kinetic energy converses into electrical energy which is stored in the power battery.
The torque relationship of planetary gears is formula (41)
Because of i sr .0, i sp .0 and i rp .0, assuming the planet frame is the driving wheel, the sun wheel and gear ring are driven wheels. The speed direction of three parts is the same when the power is split. Their speed relation is formula (42) (1 + r)n p = n s r + n r ð42Þ
Running mode analysis of the power system
Howard L Benrord and Maurice B Leising firstly presented the simulation lever theory which was applied to the planet wheel. 19 Running modes of the series-parallel PHEV mainly have the pure electric mode, engine stopstart mode, power split mode, parallel mode (rapid acceleration/climbing), and recovery mode of the regenerative braking energy. (1 + r)n p = À n s r + n r (1 + r)n p = n s r + n r (1 + r)n p = n s r À n r Figure 5 . The structure diagram of the PHEV system.
Pure electric mode. Under the working conditions of the start, low load, and reverse, the PHEV is mainly driven in the electric mode. The position and speed of the accelerator pedal determine current values of the motor
When the SOC value of batteries is in the normal range, the vehicle will turn off the engine. The planetary frame is fixed (v p = 0). The generator is free rotation without load in the opposite direction. The speed relationship of the generator and motor is formula (44)
The working conditions of power components and lever simulation diagram are shown in Figure 6 .
In Figure 6 (b), longitudinal coordinates represent the speed and direction of the generator, engine, and motor at the same time, and transverse coordinate represents the positions of generator, engine, and motor which are, respectively, s-G, p-E, and r-M-D. n M , n E , and n G , respectively, represent the rotational speed of motor, engine, and generator (r/min). T M , T E , T G and T require , respectively, represent the torque of motor, engine, generator, and vehicle demand, N m.
Engine park-start mode. Under the vehicle parking condition, drive wheels and gear ring stop rotating. Under Power split mode. Under the power split mode, the engine energy is divided into two parts by the planetary gears: one directly drives the vehicle and the other drives the vehicle by the motor or is stored in the power battery. Working conditions of the power assembly are shown in Figure 8 . The torque relationship of the sun wheel and planetary frame is derived using formula (45)
1. Low-speed cruise mode. When the SOC value of the power battery reaches the target value, the engine starts to output the external power. In the low-speed cruise mode, the lever simulation diagram of power parts is shown in Figure 9 . Their rotational speed relationship is formula (46)
2. Medium-speed cruise mode. In the mediumspeed cruise mode, the engine directly drives a vehicle. In order to keep the engine working at the high fuel efficiency area, the rotational speed of the generator will be lower and lower until it becomes zero. The rotational speedtorque lever simulation diagram is shown in Figure 10 . The rotational speed relationship of the dynamic components is as follows
3. High-speed cruise mode. In order to keep the engine running at a relatively low-speed range, the motor can be used as a generator to charge the battery. In the high-speed operation mode, the torque-speed lever simulation diagram is shown in Figure 11 . The rotational speed of dynamic parts is formula (48)
Parallel mode (rapid acceleration/climbing). In the parallel mode, the engine increases the output power by increasing speed. Power batteries provide the electrical energy for the motor. The motor and engine both drive the vehicle accelerating or climbing travel. Working conditions and the torque-speed lever simulation diagram of the power assembly are shown in Figure 12 . The output power of the generator/starter motor is determined using formula (49)
Recovery mode of the regenerative braking energy. When the vehicle decelerates or brakes, the kinetic energy will be converted to electric energy which is stored in the batteries by the generator in the range of SOC allowed. The working condition and the torque-speed lever simulation diagram of the power assembly are shown in Figure 13 . T Drive represents the input torque of the motor when the vehicle slows or brakes.
Establishment of the energy control strategy model
The energy control strategy choice
At present, energy control strategies include the logic threshold energy control, instantaneous optimization energy, global optimization, and intelligent energy control. [21] [22] [23] The logic threshold energy control strategy has advantages of simple design, short development cycle, strong practicability, and strong robustness. 24 So the logic threshold energy control strategy is suitable for controlling multiple power sources. 25 Its diagram is shown in Figure 14 .
At present, the operation mode of PHEV is mainly divided into two types: charge-depleting (CD) and charge-sustaining (CS). The CD and CS mode are shown in Figure 15 . 26 According to whether the engine works or not, the logical threshold energy control strategy can be divided into control strategies of pure electric power consumption and combination based on the electricity in the CD mode. 27, 28 In order to minimize the fuel consumption and exhaust emissions of PHEV in the city, the article adopts pure electric control strategy as the control strategy in the CD mode.
In the CD mode, power batteries provide energy for the motor. The SOC values will decline until the minimum SOC (generally 0.3). 29 If the vehicle continues to drive, the operation mode will enter the CS mode, as shown in Figure 16 .
Design of the energy control strategy
The energy control strategy of the series-parallel PHEV is mainly designed from the CD and CS model. The energy control mode flow chart is shown in Figure 17 . The flow chart of two drive mode switching is shown in Figure 18 .
Design control strategy in the CD mode. In order to prevent the vehicle demand power greater than the maximum motor power P MÀmax , it needs to set the engine switch threshold value P s . If the vehicle's demand power P require is greater than the motor max power P MÀmax , the maximum output power of the motor is P MÀopt when the SOC values decline to the minimum value of the power battery. The engine switch signal S engine and motor output power P M out are shown in formula (50) S engine = on P require .P s off P require \P s ð50Þ
where k is the general value 0.9 and P MÀmin is the motor maximum braking power. In the CD mode, the engine switch is mainly determined by the vehicle demand power P require , the upper and lower limit SOC values, and the maximum power of the motor. The energy control flow chart is shown in Figure 19 .
At the stage of power consumption, the working mode of PHEV mainly has the motor drive, joint drive, parking-charge, regenerative braking, mechanical brake, and combined brake. The switch of the vehicle operational mode and the power allocation rule of the engine and motor in the CD mode are shown in Table 2 .
Design of the control strategy in the CS mode. In the CS phase, the design of the energy control strategy is based on the optimal engine curve and SOC values of power batteries. 30 The engine optimization curve is shown in Figure 20 , and the energy control parameters are shown in Table 3 . According to energy control rules of the design, the energy control flow chart is established. The total energy control flow in the CS mode is shown in Figure 21 .
Establishment of the energy control model. Simulink/ Stateflow is mainly used to control and detect logic relations. 31 Based on the MATLAB/Simulink platform, the switch model of the vehicle operational state is established. 26 Energy control strategy design is divided into two layers: the first layer is divided into the CD mode and the CS mode; the second layer, respectively, Motor drive CD1 SOC.SOC obj and P require \P s P engine = 0, P M out = P require Joint drive CD2 SOC.SOC min and P require .P MÀmax P engine = P require À P MÀopt , P M out = P MÀopt Park-charge CD3 SOC\SOC max and V = 0 P engine = 0, P M out = 0 Regenerative brake CD4 SOC\SOC max and P MÀmin \P require \0 P engine = 0, P M out = P require Mechanical brake CD5 SOC.SOC max and P require \0 P engine = 0, P M out = 0 Joint brake CD6 SOC\SOC max and P require \P MÀmin P engine = 0, P M out = P MÀmin CD: charge-depleting.
establishes operation mode switches in the CD and CS modes as shown in Figures 22 and 23 .
Simulation results and analysis
The vehicle simulation model is shown in Figure 24 .
32
Basic parameters for a certain type of PHEV are shown in Table 4 .
When the vehicle simulation model is simulated, the data of dynamic indexes can be obtained, such as 100 km fuel consumption, SOC value changes of power battery.
Simulation result analysis of dynamic performance
The dynamic performance of the vehicle reflects the basic parameters of the vehicle design. As can be seen in Table 5 , climbing and acceleration performances of PHEV are better than the reference of performance indicators. The pure electric driving range and pure electric maximum speed reach performance indexes. They meet the overall design requirements. Simulation result analysis of PHEV power system based on the driving cycle Under two driving cycles which are the New European Driving Cycle (NEDC) and Urban Dynamometer Driving Schedule (UDDS), the whole vehicle model is simulated. The simulation results under the 9 3 NEDC are shown in Figures 25-27 .
In Figure 25 , the actual and demand speed and time are basically the same and meet the power requirements. As shown in Figure 26 , under the first driving cycle, the vehicle will drive in the CD mode, and the consumption of energy is replaced by electricity oil. As can be seen from Table 6 , with the increase in the total distance, the proportion of the total distance traveled by the vehicle in the CS mode is increasing, and the fuel consumption is also increasing.
The simulation results under the 8 3 UDDS are shown in Figures 28-30 .
PHEV can also get the same simulation results in the UDDS. As can be seen in Figures 28 and 29 , it can drive about 14 km in the pure CD mode. In Figures 27  and 30 , PHEV first consumes battery energy in the CD mode. Then, the vehicle runs in the CS mode. The SOC value fluctuates in a certain value.
As can be seen in Table 7 , with the increase in the total distance, the proportion of the total distance which is traveled by the vehicle in the CS mode is increasing. The fuel consumption of the vehicle is also increasing. The fuel consumption is higher than that under the NEDC driving cycle.
Under two driving cycles of 9 3 NEDC and 8 3 UDDS, simulation results are shown in Table 8 , which the fuel economy of the PHEV is compared with original vehicles. As shown in Table 8 , the CD/CS energy control model can improve the fuel saving rate of vehicle in the two cycle conditions. 
Conclusion
The article analyzes planetary gears by dynamics, and working state of each power components under various driving conditions are analyzed using the principle of leverage. Combining with the logic threshold energy management strategy, static parameters and control rules of energy control strategy are designed in the CD and CS modes, and the energy control flow chart is established. Due to the diversification of working modes of PHEV, the control strategy of the PHEV is designed by the logic threshold control algorithm and pattern recognition. The supervisory controller of the dynamic system is established by Stateflow toolbox. Based on the MATLAB/Simulink platform, the CD/CS total energy control model is established. PHEV simulation model is established and simulated by the Advisor software. Simulation results show that the CD/CS total energy control strategy can effectively improve the fuel economy performance of the vehicle under the premise of ensuring constant power.
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